Ubiquitin C-terminal hydrolase L3 (UCHL3) belongs to the group of deubiquitinating enzymes and plays a part in apoptosis of germ cells and the differentiation of spermatocytes into spermatids. However, the exact role of UCHL3 in human spermatogenesis and sperm function remains unknown. Here we examined the level and activity of UCHL3 in spermatozoa from men with asthenozoospermia (A), oligoasthenozoospermia (OA) or normozoospermia (N). Immunofluorescence indicated that UCHL3 was mainly localized in the acrosome and throughout the flagella, and western blotting revealed a lower level in A or OA compared with N (p < 0.05). The catalytic activity of UCHL3 was decreased in spermatozoa from A or OA (p < 0.05, p < 0.001, respectively). The level and activity of UCHL3 were positively correlated with sperm count, concentration and motility. The UCHL3 level was positively correlated with the normal fertilization rate (FR) and percentage of embryos suitable for transfer/cryopreservation of in vitro fertilization (IVF). The UCHL3 activity was also positively correlated with FR, the percentage of embryos suitable for transfer/cryopreservation and high-quality embryos rate of IVF. Aforementioned correlations were not manifested in intra-cytoplasmic sperm injection (ICSI). These findings suggest that UCHL3 may play a role in male infertility.
Introduction
Male infertility is a worldwide medical problem with increasing incidence, and the etiology is multifactorial. More than 80% of semen samples from infertile men show poor sperm motility (asthenozoospermia, A) and/or low sperm concentration (oligoasthenozoospermia,OA) [1] . Most infertile men can actually produce spermatozoa [2] , but they are incapable of fertilizing an oocyte naturally. Indeed, sperm motility, morphology and function of the acrosome, which are established during spermiogenesis, are determinants of the critical process of fertilization [3] .
Ubiquitin-proteasome system (UPS) is necessary for all steps of mammalian spermatogenesis and fertilization [4] [5] [6] [7] . However, the role of UPS in spermiogenesis and male infertility is poorly understood. Ubiquitin molecules are covalently attached to target proteins by a series of enzymes, including ubiquitin activating enzyme (E1), ubiquitin-conjugating enzyme (E2) and ubiquitin ligase (E3). Ubiquitinated proteins are usually degraded by the 26S proteasome or lysosomes, and monomeric ubiquitin is released from the polyubiquitin chain or a substrate protein through the action of deubiquitinating enzymes (DUBs) [8] . DUBs play an important role in regulation of spermatogenesis [9] . There are two classes of sperm DUBs: ubiquitin Cterminal hydrolases (UCHs) and ubiquitin-specific proteases (USPs) [9] [10] [11] .
UCHs, as an important regulator of UPS and a small molecular-mass cysteine protease, can remove the short/flexible peptide chain from the carboxy-terminus of ubiquitin [12] . UCHs members (i.e., UCHL3, UCHL2, UCHL4, UCHL5, and CYLD) are expressed during each stage of spermatogenesis and are involved in gonocyte recruitment, cell-cycle progression, meioticphase progression, spermiogenesis, the formation of high quality sperm and germ-cell apoptosis [7, 9, 13] . Of those five members in the UCH family, UCHL3 and UCHL1 are dominant [14] . UCHL3 is expressed ubiquitously in all tissues, with a high level in the testis (including spermatocytes and spermatids) [14, 15] . Previous studies have demonstrated that UCHL3 is involved in many physiological functions, including reproduction. UCHL3 may play a role in apoptosis of germ cells and the meiotic differentiation of spermatocytes into spermatids [15, 16] . However, the detailed role of UCHL3 in spermatogenesis has not yet been elucidated.
In this study, semen samples from subjects undergoing in vitro fertilization (IVF) or intracytoplasmic sperm injection (ICSI) were analyzed, and the localization, level and enzymatic activity of UCHL3 in spermatozoa were determined. Correlations between UCHL3 and sperm count, concentration, motility, fertilization, and embryo quality were evaluated. The findings indicated that UCHL3 can be an indicator of sperm quality in A and OA.
Materials and Methods

Semen sample collection and preparation
The study was approved by the Ethics Committee of the Second Affiliated Hospital of Chongqing Medical University, and signed informed consent was obtained from all participants (reference number2013-019; date of approval: 5 March, 2013).
Semen samples were collected from 92 subjects (aged 25-35 years) who received ICSI/IVF at the Reproductive Center of the aforementioned hospital between July 2013 and August 2015. Infertility was a result of defects in the oviduct (e.g., bilateral tubal obstruction, hydrosalpinx, tubal ligation and resection of bilateral tubes) and/or male factors (i.e., A and OA). All female partners with hysteromyoma, adenomyosis, ovarian tumor, endometriosis, polycystic ovarian syndrome, hyperprolactinemia, thyroid and adrenal diseases, diabetes or chromosomal aberration were excluded.
Semen specimens were obtained by masturbation after 3-7 days of abstinence. After liquefaction at 37°C for 30 min, semen samples were analyzed according to the World Health Organization(WHO) Standards [17] ; sperm count, sperm concentration, total motility (TM), progressive motility (PR), and morphology were determined. Semen samples were identified as normozoospermia (N, n = 45), A (n = 29) and OA (n = 18; Table 1 ).
Detection of UCHL3 with immunofluorescence
Smeared semen was fixed in 100% acetone for 15 min at 4°C and stored at -80°C until use. After thawing and warming up to room temperature, the smears were permeabilised with 1% Triton X-100 in phosphate buffered saline (PBS), pH 7.4, for 15 min. After washing three times for 15min with washing buffer [0.2% Tween 20 and 1% inactivated normal goat serum (INGS) in PBS], 5% INGS in PBS was added to block nonspecific sites on the spermatozoa for 50min. Anti-UCHL3 rabbit polyclonal antibody (1:50, Bioss, Beijing, China) was added, and the slides were incubated at 4°C overnight. The antibody diluent was PBS containing 0.5% Tween 20 and 1% INGS. Slides were washed with washing buffer more than three times for 15 min, and then the Alexa Fluor 488-labeled goat anti-rabbit IgG secondary antibody (1:2,000; Molecular Probes, Invitrogen, Carlsbad, CA, USA) was added. Thereafter, slides were washed once with washing buffer (10 min) and twice with PBS (10 min). The nucleus was stained with anti-fade VECTASHIELD 1 Mounting Medium, including DAPI (H-1200; Vector Laboratories Inc, Burlingame, CA, USA). The negative control was performed in the same way by substituting non-immune rabbit serum for the primary antibody. Slides were observed under a confocal laser scanning microscope (Leica TCS-SP5, Leica Microsystems, Wetzlar, Germany).
Detection of protein by western blotting UCHL3 protein was analyzed by western blot [18] . 1.0 × 10 7 spermatozoa were lysed in 200 μL cold lysis buffer (7 M urea, 2 M thiourea, 4% CHAPS, 65mM DTT, 1mM PMSF, and 1 × proteinase cocktail). The extracts (50 μg protein) were loaded into each lane. The primary antibodies used included anti-UCHL3 rabbit polyclonal antibody (1:500; Bioss, Beijing, China), and anti-α-tubulin rabbit monoclonal antibody (1:5,000; ab52866, Abcam Inc., Cambridge, MA, USA). The secondary antibody used was the HRP-labelled goat anti-rabbit IgG (1:5,000; 111-035-003; Jackson ImmunoResearch Laboratories Inc., WestGrove, PA, USA). The band density was quantified using the ImageJ software (rsbweb.nih.gov/ij/).
Determination of UCH activity
UCH enzymatic activity of spermatozoa was determined according to the method of Yi et al. [19] . The spermatozoa were washed in assay buffer (50 mM HEPES, pH 7.5; 0.5 mM EDTA; 0.1 mg/ml BSA; 1 mM DL-DTT), and the concentration was adjusted to 5.0 × 10 6 spermatozoa/ml. Spermatozoa were sonicated six times, using a JY92-2D ultrasonic cell pulverizer (60 W, 20% amplitude, 5 s per sonication), followed by centrifugation for 30 min at 5,000 × g. The supernatant was prepared for subsequent assays. Protein concentration was determined using the Bradford method [20] . All procedures were performed at 4°C. Ubiquitin 7-amido-4-methylcoumarin (Ubiquitin-AMC) (Biomol, Enzo Life Sciences, Inc., Farmingdale, NY, USA) was used as the substrate. Aliquots (100 μl) of assay buffer, ubiquitin- AMC (with a final concentration of 1.25 μM) and spermatozoa extracts (with a final concentration of 0.2 mg/ml) were added to a 96-well plate (Corning Costar, NY, USA). The positive control was 50 nM recombinant UCHL3 (Boston Biochem Inc., Cambridge, MA, USA), which replaced the spermatozoa extracts. For the negative control, 5μM ubiquitin aldehyde (Biomol, Enzo Life Sciences, Inc., Farmingdale, NY, USA), an inhibitor for UCHs, was added. The aliquots were incubated for 30 min at 39°C, and the activity was determined using fluorospectrophotometry. The excitation and emission wavelengths were 380 and 460 nm, respectively.
Ovarian stimulation and oocyte collection
Ovarian stimulation was performed using a GnRH agonist long protocol [21] : Pituitary downregulation was achieved with triptorelin 0.1 mg, qd (Decapeptyl; Ferring Pharmaceuticals, Kiel, Germany) from the prior mid-luteal phase. Once ovarian suppression was achieved, the dose was reduced to 0.05 mg until the day of human chorionic gonadotropin (HCG) administration. When sonography determined the absence of a dominant follicle and hormone levels were: follicle stimulating hormone (FSH) < 5 mIU/ml, luteinizing hormone (LH) < 5 mIU/ml, estrogen (E2) < 50 pg/ml and progesterone (P) < 0.9 ng/ml, recombinant human FSH (Gonal-F; Merck Serono, Geneva, Switzerland) administration was initiated with a daily dosage of 150 −300 IU. Follicular growth was monitored by ultrasonography. Oocyte maturation was induced by the administration of 5,000-10,000 IU HCG (Lizhu Company, China); the dose was modulated according to the mean diameter and the number of leading follicles and serum E2 level. Aspiration of the oocytes was performed 36 h following HCG injection.
IVF and ICSI procedures
IVF and ICSI procedures were performed by the same embryologist. Spermatozoa were prepared by PureCeption TM gradient centrifugation technique (SAGE, Pasadena, CA, USA). The retrieved oocytes were inseminated after 3-6 h, with about 10,000 spermatozoa per oocyte in a 10-μl droplet of modified HTF medium supplemented with 10% Quinn's human serum albumin (SAGE, Pasadena, CA, USA). ICSI was performed 40-42 h after human chorionic gonadotropin injection. Cumulus cells were removed by pipetting the oocytes in modified HTF medium containing 80 IU/ml of hyaluronidase (H-3757; Sigma Chemical, St Louis, MO, USA). Denuded oocytes with a first polar body were selected for ICSI, which was performed 0-3 h after oocyte denudation.
Approximately 2 h after IVF insemination or immediately after ICSI, oocytes were cultured in Quinn's Advantage Cleavage media (SAGE, Pasadena, CA, USA) at 37°C and 5% CO 2 atmosphere.
Embryo culture
Normal fertilization rate (FR) was evaluated 16-18 h following IVF or ICSI. The presence of two pronuclei (2PN) and two polar bodies indicated fertilization; the day of fertilization was set as Day 0. Zygotes with 2PN were cultured in Quinn's embryo culture medium (SAGE, Pasadena, CA, USA) overlaid with approximately 2 mm of heavy paraffin oil (SAGE, Pasadena, CA, USA) at 37°C and 5% CO 2 . Embryos were graded and evaluated for suitability for transfer and cryopreservation at Day 2 or 3.
2PN divided by the number of mature MII oocytes injected with one spermatozoon. Cleavage and embryo quality were observed on Days 2 and 3. Cleavage rate was defined as the number of blastomeres divided by the number of fertilized oocytes. High-quality embryo rate was defined as the number of Grade I and II embryos divided by the number of 2PN zygotes. The percentage of embryos suitable for transfer/cryopreservation was defined as the number of transferred and cryopreserved embryos divided by the number of 2PN embryos.
Statistical analysis
All data were processed with the Prism software (GraphPad, San Diego, CA). Results were presented as mean ± standard derivation. All variables were checked for normal distribution before statistical analyses. For western blot and enzyme activity assays, all results were analyzed by one-way ANOVA followed by a Bonferroni post-test. Correlations between the level of UCHL3 and deubiquitinating activity, sperm count, concentration, motility, fertilization and embryo quality were evaluated by calculating Spearman's correlation coefficient. p< 0.05 was considered statistically significant.
Results
UCHL3 located in the acrosome and tail of spermatozoa, with lower level in A and OA UCHL3 was mainly localized in acrosome and flagella (including the mitochondrial sheath) of spermatozoa from A or OA. There was also staining in the neck region of some spermatozoa. Spermatozoa from N subjects displayed a green staining in the normal acrosome and tail, whereas in spermatozoa from A or OA in the acrosomeless, small or abnormal acrosome and in the shorter or distorted tail. However, in the abnormal acrosome or distorted tail of spermatozoa from A or OA, UCHL3 levels were reduced or absent (Fig 1A) . Western blot demonstrated a lower level of UCHL3 in spermatozoa from A (0.57-fold of N) and OA (0.44-fold of N) in comparison with spermatozoa from N (Fig 1B and 1C ; p < 0.05). These data indicated that UCHL3 was located in the acrosome and tail of a spermatozoon, with a lower level in spermatozoa from A or OA.
UCHL3 level positively correlated with sperm count, concentration, total and progressive motility of sperm Correlation analysis indicated that the UCHL3 level was positively correlated with most sperm quality parameters, including sperm count (r = 0.4711, p = 0.0065), sperm concentration (r = 0.5226, p = 0.0021), TM (r = 0.4209, p = 0.0165), and PR (r = 0.4196, p = 0.0168) (Fig 2) .
UCHL3 level positively correlated with the normal fertilization rate and percentage of embryos suitable for transfer/cryopreservation in IVF In IVF, the UCHL3 level was positively and linearly correlated with FR (r = 0.5035, p = 0.0332) and the percentage of embryos suitable for transfer/cryopreservation (r = 0.5608, p = 0.0155) (Fig 3A and 3C) . However, in ICSI, no correlations were found between the UCHL3 level and FR (r = 0.4593, p = 0.0995), and the percentage of embryos suitable for transfer/cryopreservation (r = 0.3467, p = 0.2226). There was no correlation between the UCHL3 level and the cleavage rate (IVF: r = 0.373, p = 0.1274; ICSI: r = 0.3114, p = 0.2894), and the high-quality embryo rate (IVF: r = 0.3577, p = 0.1451; ICSI: r = 0.2415, p = 0.4007) in both IVF and ICSI (Fig 3) .
Spermatozoa from A or OA displayed a lower enzymatic activity of UCH
The enzymatic activity of ubiquitin C-terminal hydrolases in human spermatozoa from N, A and OA was measured. The UCH enzymatic activity in spermatozoa from A (0.57-fold of N; p<0.05) or OA (0.36-fold of N; p<0.001) was decreased in comparison with spermatozoa from N (Fig 4) .
UCH activity in sperm extracts was reduced to a minimum by the specific UCH inhibitor, ubiquitin aldehyde (Fig 4) .
Enzymatic activity of UCH positively correlated with sperm count, concentration, total motility and progressive motility Correlation analysis indicated that the UCH enzymatic activity was positivelyand linearly correlated with sperm count (r = 0.5772, p < 0.0001), sperm concentration (r = 0.749, p < 0.0001), TM (r = 0.627, p < 0.0001), and PR (r = 0.6291, p < 0.0001) (Fig 5) .
Enzymatic activity of UCH positively correlated with the normal fertilization rate, percentage of embryos suitable for transfer/ cryopreservation and high-quality embryo rate in IVF In IVF, the UCH enzymatic activity was positively and linearly correlated with FR (r = 0.6455, p < 0.0001), the percentage of embryos suitable for transfer/cryopreservation (r = 0.4236, (Fig 6) .
Discussion
UCHL3 mRNA was abundant in the mouse testis [14, 15] , and this protein was present in testicular cells and mature spermatozoa of boars and the spermatocytes and spermatids of mice [15, 19] . However, the level and enzymatic activity of UCHL3 in spermatozoa from men with A or OA have not been validated yet. To address this question, we detected it by using immunofluorescence, western blotting, and activity assay. UCHL3 was localized in the acrosome and throughout the whole flagella, including mitochondrial sheath, suggesting that UCHL3 can regulate fertilization and motility. This was consistent with the previous study showing that UCHL3 was present in the spermatid acrosomal cap and on the acrosome of boar spermatozoa, where it interacted with the surface of the zona pellucida and peripheral acrosomal plasma membrane proteins; UCHL3 may be involved in the acrosomal function and anti-polyspermy defense during porcine fertilization [19] . Western blotting analysis demonstrated a lower level of UCHL3 in spermatozoa in A and OA. Moreover, positive correlations were found among UCHL3 levels, sperm count, concentration, TM and PR. UCHL3 played a role in the prevention of mitochondrial oxidative stress-related apoptosis in photoreceptor cells [22] . An alteration in UCHL3 expression may affect both structure of the mitochondrial sheath and the level of reactive oxygen species (ROS), considering the role of mitochondria in the generation of ROS. ROS can affect the structural integrity of spermatozoa and their functions (i.e., sperm motility, capacitation, sperm-zona penetration, and sperm-oolemma fusion) [23] . The decrease in motility observed in this study suggested that UCHL3 may be associated with sperm motility. Furthermore, UCHL3 played a critical role in mediating apoptotic stress during spermatogenesis. Kwon et al. [24] showed that UCHL3 protected germ cells from apoptosis. Cryptorchid testes in Uchl3 knockout mice showed a profound apoptotic germ cell loss and a slight increase of apoptotic proteins [16] . The reduction in expression of UCHL3 may affect anti-apoptotic function, thereby decreasing sperm count and concentration. The present data indicated that UCHL3 level was positively correlated with FR and the percentage of embryos suitable for transfer/cryopreservation during IVF. However, no correlations were confirmed between the UCHL3 level and FR and the percentage of embryos suitable for transfer/cryopreservation during ICSI, and the rates of cleavage and of high-quality embryos in both IVF and ICSI. Mtango et al. [25] found that the inhibition of UCHs caused a reduction in FR, abnormal fertilization, and failure to undergo morula compaction. Thus, a lack of UCHL3 may reduce the rate of normal fertilization in IVF. However, this event was not noted in ICSI, which may be due to artificial selection.
The level of a protein was not necessarily consistent with its activity; therefore, the UCH activity was explored. A decrease in the enzymatic activities of UCH was demonstrated in spermatozoa from A or OA. The activity of UCHL3 was the highest among UCHs. UCHL3 was 200times more enzymatically active than UCHL1 [26] and mainly expressed in spermatids [15] . This suggested that the enzymatic activity of UCHL3 may also be decreased in spermatozoa from A or OA. The enzymatic activity of UCH was positively correlated with sperm count, concentration, TM, and PR. Furthermore, there were linear relationships between the UCH enzymatic activity and FR, percentage of embryos suitable for transfer/cryopreservation and high-quality embryo rate in IVF. However, no positive correlations were found among the UCH enzymatic activity, FR, percentage of embryos suitable for transfer/cryopreservation, the rate of high-quality embryos in ICSI, and cleavage rate in both IVF and ICSI. Previous data suggested that the UCH activity was present on the acrosome surface of boar spermatozoa and that high UCHL3 enzymatic activity was measured in a motile spermatozoa fraction with intact acrosomes; UCHL3 was involved in antipolyspermy defense during porcine fertilization, which can be alleviated by the addition of recombinant UCHL3 to the fertilization medium [19] . These results indicated that the decreased activity of UCHL3 may alter sperm acrosome function, which may explain why FR and the percentage of embryos suitable for transfer/cryopreservation were decreased for spermatozoa from A. This study demonstrated negligible effects of UCHL3 on the rates of cleavage and high-quality embryo which should be explored in following trials. Thus, active UCHL3 were needed for the structural and functional integrity of spermatozoa.
UPS plays a critical role in the progression of spermatogenesis. DUBs are involved in spermatogenesis and male fertility, e.g., USP2/UBP-testis, USP8/mUBPy and USP14 [9] . UCHL3 was responsible for the disassembly of the ubiquitin-protein complex or polyubiquitin chains during the substrate priming for proteasomal proteolysis to prevent inappropriate protein degradation [12] . The inhibition of deubiquitination can increase the rate of substrate proteolysis [27] . When both the level and activity of UCHL3 were decreased, the removal of multi-ubiquitin chains from the substrate failed. The present data demonstrated that ubiquitin aldehyde can inhibit the activity of UCHL3. Therefore, ubiquitin aldehyde may modulate the protein expression and function of UCHL3.
A decreased level and activity of UCHL3 in spermatozoa may alter mitochondrial structure and apoptosis and, ultimately, result in a decrease of motility, count, concentration of spermatozoa, and rates of fertilization and embryos suitable for transfer/cryopreservation. These findings suggested that UCHL3 may be a novel regulator for male fertility. This verdict should be verified in following trials involving many more cases. Identification of UCHL3 substrates will be necessary to explore the function and molecular mechanism of UCHL3 underlying sperm characteristics and function.
Conclusions
The present study demonstrated positive correlations between the level and activity of UCHL3 and sperm characteristics and function. UCHL3 can be used as an indicator of sperm quality, fertilization and early embryo development in patients with asthenozoospermia and oligoasthenozoospermia.
